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Type II Bartter’s syndrome is a hereditary hypokalemic renal
salt-wasting disorder caused by mutations in the ROMK
channel (Kir1.1; Kcnj1), mediating potassium recycling in the
thick ascending limb of Henle’s loop (TAL) and potassium
secretion in the distal tubule and cortical collecting duct
(CCT). Newborns with Type II Bartter are transiently
hyperkalemic, consistent with loss of ROMK channel function
in potassium secretion in distal convoluted tubule and CCT.
Yet, these infants rapidly develop persistent hypokalemia
owing to increased renal potassium excretion mediated by
unknown mechanisms. Here, we used free-flow
micropuncture and stationary microperfusion of the late
distal tubule to explore the mechanism of renal potassium
wasting in the Romk-deficient, Type II Bartter’s mouse. We
show that potassium absorption in the loop of Henle is
reduced in Romk-deficient mice and can account for a
significant fraction of renal potassium loss. In addition, we
show that iberiotoxin (IBTX)-sensitive, flow-stimulated maxi-K
channels account for sustained potassium secretion in the
late distal tubule, despite loss of ROMK function.
IBTX-sensitive potassium secretion is also increased in
high-potassium-adapted wild-type mice. Thus, renal
potassium wasting in Type II Bartter is due to both reduced
reabsorption in the TAL and K secretion by max-K channels in
the late distal tubule.
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Neonatal or antenatal Bartter’s syndrome represents a group
of hereditary hypokalemic renal salt-wasting disorders caused
by loss-of-function mutations in proteins that either mediate
or modulate electrolyte transport in the thick ascending limb
(TAL) of Henle’s loop.1,2 Mutations in the low-conductance
K channel, ROMK (Kir1.1; Kcnj1), cause Type II Bartter’s
syndrome,3,4 characterized by natriuresis, diuresis, hypo-
kalemic metabolic alkalosis, elevated prostaglandin E2 and
renin, and an elevated Ca2þ excretion leading to nephro-
calcinosis.
ROMK channels play critical roles in salt transport
processes in the TAL. About 25% of Na and K that are
ultrafiltered at the glomerulus are reabsorbed in the loop of
Henle5 and ROMK provides the pathway for apical K
recycling, which is necessary for supplying luminal K to the
Na–K–2Cl cotransporter, NKCC2.6 In addition, this apical K
current generates a lumen-positive potential which drives the
paracellular reabsorption of a significant fraction of Na and
K7,8 and is critical for transcellular NaCl reabsorption by
furnishing the apical part of a transcellular current pathway
required for basolateral Cl exit.8 Thus, K channels play a
crucial role in the reabsorption of a major fraction of NaCl
and K in the TAL, and their absence results in a loop diuretic-
like effect, accounting for the natriuresis of Type II Bartter.
Patch-clamp studies in the Type II Bartter’s mouse (Romk/)
with loss-of-function mutation in ROMK9 have demon-
strated the absence of K channels in the apical membrane of
the TAL cells.10,11 Micropuncture studies of early distal
tubules in Romk/ mice show increased Cl and fluid
delivery into the early distal tubule,9 consistent with
diminished salt reabsorption along Henle’s loop. These
findings support the view that loss of ROMK function
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contributes to diminished tubule NaCl reabsorption in the
loop of Henle and ultimately to natriuresis.
ROMK channels also provide the major K-secretory
pathway for regulated K excretion by the connecting segment
(CNT), and initial collecting and cortical collecting ducts
(CCTs12–15), and this channel activity is lost from principal
cells in the CCT in ROMK-deficient mice.11 In the CCT, the
surface expression of ROMK channels, and thereby the apical
K conductance of principal cells, is regulated by dietary K
intake.16 A high dietary K intake increases the number of
active ROMK channels in apical membranes of principal
cells, and thus enhances the K secretory capacity of the CCT.
In contrast, ROMK activity does not appear to be increased
by a high K intake in the CNT.13
Infants with the Type II Bartter’s genotype often exhibit a
transient hyperkalemic phenotype,17,18 consistent with the
loss of ROMK channels in the distal tubule and collecting
duct. Yet, neither older Type II Bartter’s infants19,2 nor
Romk/ mice9,11 are hyperkalemic, but rather are kaluretic
and hypokalemic. The mechanism for development of this
kaluresis is poorly understood in the antenatal Type II
Bartter’s genotype. However, a high-conductance K channel
has also been identified in principal20 and intercalated cells21
in the CCT and in the late distal tubule (LDT; including the
connecting segment13). This maxi-K channel is sensitive to
iberiotoxin (IBTX) and has been suggested to participate in
distal K secretion during high tubule fluid flow condi-
tions22–24 and during elevations in lumen arginine vasopres-
sin via apical V1 receptors.
25,26 Although a high distal flow is
likely present in the diuretic Bartter’s infants and mice and
this could activate maxi-K channels, their role in K secretion
is unclear as the ROMK channel appears to be sufficient to
account for K secretion under most conditions.12,14 Thus, the
role of maxi-K channels in the middle-to-late distal tubule as
a mechanism for K secretion in Type II Bartter is unclear and
has not been explored.
To assess the mechanisms for renal K loss in the Type II
Bartter’s mouse, we used both micropuncture and stationary
microperfusion techniques to assess K transport in the loop
of Henle and to quantify K secretion in the LDT. We observed
that the high renal K excretion is maintained in Romk/
mice both by a decreased reabsorption of K in the loop of
Henle and by the activation of maxi-K channels in the LDT.
In addition, we found that IBTX-sensitive maxi-K channels
also contribute significantly to K secretion in high-potas-
sium-diet-adapted wild-type mice. The latter suggests that
the IBTX-sensitive maxi-K channel activity can be upregu-
lated by a high dietary K intake in the CCD in normal mice.
RESULTS
Diminished potassium reabsorption in the loop of Henle
Both the proximal tubule and the loop of Henle, including
the TAL, mediate the bulk of potassium reabsorption. Free-
flow micropuncture studies show that a large fraction of
filtered potassium is reabsorbed before the superficial distal
tubules.27 Normally, the potassium concentration in early
distal tubule fluid is significantly reduced below plasma
levels. Here, we compare K activity in the early distal tubules
of wild-type and Romk/ mice as a reflection of K transport
in upstream tubule segments. The low values of tubule
negativity confirms the early distal tubule recording site
(Figure 1a).28,29 The lumen potassium activity was
2.770.5 mM (n¼ 7) in Romkþ /þ animals (Figure 1b),
comparable to the value in Sprague–Dawley rats under
similar experimental conditions.27 Potassium activity was
significantly elevated to 8.671.6 mM (n¼ 7; Po0.01) in
Romk/ animals. Considering that the delivery of tubule
fluid to the early distal tubule is also significantly higher in
Romk/ mice,9 these results show that potassium reabsorp-
tion, most likely in the TAL, is sharply reduced.
K secretion in the LDT of ROMK-deficient mice is reduced but
IBTX-sensitive
The LDT plays a prominent and critical role in maintaining
Na and K homeostasis.30,31 Thus, we used stationary
microperfusion to assess whether K secretion into the LDT
contributes to the kaluresis observed in Romk/ mice. In
previous stationary microperfusion studies in rats, approxi-
mately 80% of K secretion was Ba2þ -sensitive,32,25 and
therefore mediated by potassium channels. Although K–Cl
cotransport can contribute to K secretion into the rat LDT
under low luminal Cl conditions (o20 mM Cl), the
contribution of this furosemide- and DIOA ((dihydroinde-
nyl)oxy alkanoic acid)-sensitive pathway to K secretion is
negligible with the 100 mM luminal Cl solutions used in the
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Figure 1 | Effects of ROMK deletion on free-flow early distal
tubule PD and tubule fluid potassium activity ([K]). (a) PD
and (b) [K] measurements in free-flow micropuncture of wild-type
(Romkþ /þ ; &) and ROMK-deficient (Romk/; ’) mice. * denotes
Po0.05 compared to Romkþ /þ mice.
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present studies.32 A similar fraction of Ba2þ -sensitive K
secretion (80%) was observed in isolated perfused CCT
segments from rat33 or rabbit.34 The remaining 20% of
measured K secretion in our in vivo studies is thought to be
passive and mediated by the large lumen-negative potential
due to amiloride-sensitive Na transport.
At least two types of K channels contribute to Ba2þ -
sensitive K secretion into the LDT: ROMK and maxi-K
channels.32,25,26,13 We used IBTX, a specific inhibitor of maxi-
K channels,35,36 to differentiate between these mechanisms of
K secretion in the LDT. To establish the lack of sensitivity of
ROMK to IBTX, we investigated the effect of this inhibitor on
ROMK expressed in Xenopus laevis oocytes. IBTX up to 1mM
had no effect on whole-cell currents in X. laevis oocytes
expressing ROMK2 (Figure 2). Similar results were obtained
with ROMK1 (data not shown).
Figure 3 shows representative K activity ([K]) traces
illustrating the rise in lumen K to steady-state values in the
absence or presence of IBTX in Romkþ /þ (Figure 3a and b)
and Romk/ (Figure 3c) mice. The rate of rise in [K] was
slower and the steady-state [K] values lower in Romk/
compared to Romkþ /þ mice. IBTX slowed the rate of rise in
[K] in both Romk genotypes. However, in Romkþ /þ mice,
the response to IBTX was variable such that a reduced rate
of rise in [K] was only observed in about half of the
mice (Figure 3a and b). This may reflect that we had not
achieved complete genetic homogeneity in our colony from
the mixed genetic background of the original mice (129/SvJ
and C57/Bl-6). Technical issues are unlikely to account for
the variability seen in Romkþ /þ mice as consistent IBTX
insensitivity was observed in C57/Bl-6 mice on the same
1.2% K diet (JK in Table 2).
Table 1 and Figure 4a summarize the data for JK, t1/2,
maximal [K], and potential difference in Romk genotypes
on the 1.2% diet. In Romkþ /þ mice, JK averaged
0.65 nmol cm2 s1, a value similar to that in rats under
comparable experimental conditions32 and to JK in C57/Bl-6
(Table 2). In these mice, JK was reduced by B50% with
IBTX. In Romk/ mice, JK was significantly lower
(0.28 nmol cm2 s1) than in wild-type littermates, and
this secretory K flux was abolished by IBTX. The absence of K
secretion in Romk/ mice exposed to IBTX indicates that
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Figure 2 | IBTX does not alter ROMK2 channel activity expressed
in Xenopus laevis oocytes. Representative whole-cell currents in the
(a) absence or (b) presence of 100 nM IBTX measured in oocytes 2
days after being injected with 5 ng of ROMK2 cRNA. Holding voltages
ranged from 120 to þ 40 mV at 20 mV steps. (c) Current–voltage
(I–V) relationships from whole-cell currents showing that 100–1000 nM
IBTX has no significant effect on 5 mM Ba2þ -inhibitable ROMK
current.
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Figure 3 | Representative traces showing the effect of 100 nM
IBTX on time-dependent increases in potassium activities ([K])
in mouse LDTs using the stationary microperfusion method.
These increases in [K] represent predominantly net K secretion.
(a and b) Traces in wild-type Romkþ /þ mice showing the variable
effect of IBTX on K secretion. The traces in (a) show little inhibition
in K secretion by IBTX, whereas those in (b) demonstrate
significant inhibition of K secretion by IBTX. (c) Complete inhibition
of K secretion by IBTX in Romk-deficient (Romk/) mice.
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passive back flux of K from blood to lumen must be quite
small in these mice, despite the significant lumen-negative
driving force (40.2 mV; Table 1). Thus, the LDT of ROMK-
deficient mice continues to secrete K, albeit at a significantly
reduced rate, by an IBTX-sensitive mechanism consistent
with maxi-K channels.
K secretion by IBTX-sensitive channels is increased in the LDT
of wild-type mice by high dietary K intake
In the CCT, but not CNT, ROMK channel activity increases
several fold in rats fed a high-K (B10%) diet,15 and can
quantitatively account for the increased rate of K secretion in
this nephron segment.14 However, a recent study suggested
that dietary K regulates expression of maxi-K channels in the
rabbit CCT,37 and therefore an IBTX-sensitive flux could
contribute to K secretion in the CCT or LDT in high-K-
adapted animals. Thus, we examined if JK increases in the
LDT of Romkþ /þ mice adapted to a 10% K diet and if the
IBTX-sensitive component of JK contributes to the increase in
K secretion. We also examined the role of max-K channels in
C57/Bl-6 mice, which contributes to the mixed genetic back-
ground of our inbred Romk/ mice. In both Romkþ /þ and
C57/Bl-6 mice, JK significantly increased to a similar magni-
tude on the high-K (10%) diet (Tables 1 and 2; Figure 4).
In both species, this increase was largely (Romkþ /þ ) or
completely (C57/Bl-6) accounted for by an increase in the
IBTX-sensitive flux. This supports an important role for
maxi-K channels in the high-K adaptive response of the LDT.
DISCUSSION
Individuals with Type II Bartter’s syndrome due to mutations
in the ROMK gene (Kcnj1) are often hyperkalemic during the
first few weeks following birth, but rapidly develop a
sustained hypokalemia owing to renal potassium wast-
ing.17,18,38,19 Loss of function of the ROMK K secretory
channel can account for the initial hyperkalemia, but the
mechanism(s) contributing to the subsequent kaluresis has
remained unclear. The present studies in the ROMK-deficient
Table 1 | Contribution of IBTX-sensitive and IBTX-insensitive
pathways to potassium secretion in wild-type (Romk+/+) and
ROMK-deficient (Romk/) mice
Romk+/+ Romk/
JK (nmol cm
2 s1)
Control 0.6570.14 (12) 0.2870.11# (7)
IBTX 0.3570.15* (11) 0.0270.01* (7)
[K+] (mM)
Control 20.972.1 (12) 14.672.9# (7)
IBTX 11.772.0* (11) 6.271.6*,# (7)
t1/2 (s)
Control 14.372.6 (12) 22.675.7 (7)
IBTX 31.3710.1* (11) 115.9745.6*,# (7)
PD (mV)
Control 37.775.0 (10) 40.274.9 (9)
IBTX, iberiotoxin.
Data are means7s.e.m. JK, t1/2, and [K
+]s are as defined in equation (1).
*Po0.05 IBTX vs control; #Po0.05 Romk+/+ vs Romk/.
Numbers in parentheses indicate numbers of tubules. PD is the free-flow potential
difference.
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Figure 4 | Summary of the effects of potassium diet on the IBTX-
sensitive and -insensitive components of K secretion in the LDT.
Effects of a 10% K diet on K secretion via ROMK (IBTX-insensitive) and
maxi-K (IBTX-sensitive) channels in (a) Romkþ /þ and (b) C57-Bl6
mice. Data are derived from Tables 1 and 2. Arrows indicate changes
in the component of K secretion with increasing the K diet to 10%.
Virtually all of the increases in JK were attributable to the higher
IBTX-sensitive K flux in both species, although Romkþ /þ mice did
show an B30% increase in IBTX-insensitive K flux.
Table 2 | Effect of a high-K (10%) diet on the IBTX-sensitive
component of potassium secretion
C57/Bl-6 C57/Bl-6 Romk+/+
K diet 1.2% 10% 10%
JK (nmol cm
2 s1)
Control 0.6370.06 (11) 0.8670.04# (14) 0.9170.16 (6)
IBTX 0.6170.07 (11) 0.5770.07** (14) 0.4770.11* (6)
[K+] (mM)
Control 17.772.0 (11) 20.971.2 (14) 20.771.8 (6)
IBTX 16.471.7 (11) 20.771.2 (14) 17.571.3 (6)
T1/2 (s)
Control 9.271.9 (11) 6.770.5# (14) 9.571.1 (6)
IBTX 8.371.7 (11) 12.371.5** (14) 34.8710.1* (6)
PD (mV)
Control 40.674.3 (7) 39.573.8 (6) 27.473.4 (3)
IBTX, iberiotoxin; PD, potential difference.
Data are means7s.e.m. JK, t1/2, and [K
+]s are as defined in equation (1).
*Po0.01 vs control; **Po0.01 vs control; #Po0.001 vs normal diet for the genotype.
Numbers in parentheses indicate numbers of tubules.
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mouse model of Type II Bartter’s syndrome demonstrate that
the kaluresis which occurs in the absence of this 35 pS K
secretory channel results from two processes (Figure 5):
reduced K reabsorption in the TAL and sustained K secretion
in the LDT via IBTX-sensitive maxi-K channels. Our studies
also demonstrate that this IBTX-sensitive K flux provides a
major component of increased K secretion in the LDT in
response to a high-K diet. Thus, although ROMK potassium
channels are crucial for K handling by the kidney, maxi-K
channels expressed in the LDT contribute importantly to
renal K excretion in response to elevations in potassium
intake and to the increased K excretion in Type II Bartter’s
syndrome.
The TAL normally reabsorbs approximately 20–25% of the
filtered load of potassium by cotransport with Na and Cl via
the Na–K–2Cl cotransporter, NKCC2.39,40 Interestingly, about
30% of normal NaCl reabsorption remains in ROMK-
deficient mice,9 despite loss of all apical K conductance10,11
and may partially account for the milder salt wasting
phenotype of Type II Bartter.19 This remaining NaCl
absorption by the TAL in Romk/ mice is likely owing to
the novel splice variant of NKCC2 that mediates loop
diuretic-sensitive, K-independent Na–Cl cotransport.41,42 We
have previously shown that the mode of loop diuretic-
sensitive NaCl absorption in the TAL can shift between K-
dependent and K-independent Na–Cl cotransport by altering
the water diuretic state.42 Subsequently, we cloned a splice
variant of NKCC2 that mediates this K-independent mode of
NaCl absorption43,41,44 and postulated that this transport
system is electrically silent and does not require a
transcellular current pathway. Thus, the overall process of
K-dependent transport is ‘electrogenic’, whereas the
K-independent process is ‘electroneutral’ (Figure 6). The
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Figure 5 | Contributions of the loop of Henle and the LDT to
potassium excretion in Type II Bartter’s (1) (2) and adaptation
to a high-K (10%) diet (3).
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Figure 6 | Electrogenic and electroneutral models of TAL NaCl and K absorption. (a) Electrogenic model. Apical K channels provide the
pathway for cell-to-lumen K recycling, (1) which is necessary for supplying luminal K to the Na–K–2Cl cotransporter, NKCC2. In addition, the TAL
epithelium is electrically leaky with large transcellular and paracellular conductances that form a transepithelial current loop consisting of apical
K channels (2), basolateral Cl channels, (3) and the cation-selective paracellular pathway (4). Reabsorption of K is mediated by ‘slippage’ in
luminal K recycling (5). Disruption of any component of this current loop eliminates transepithelial NaCl absorption via the Na–K–2Cl
cotransporter, for example, by loss of apical K channels (ROMK Type II Bartter) or basolateral Cl channels (Type II and IV Bartter).1 With
disruption of the apical K conductance, Na–K-2Cl cotransporter function will be due to the rise in cell Cl, (6) which is consequent to the lack of
basolateral Cl current (i.e., no net Cl exit from cell to basolateral fluid). Thus, elimination of the apical K conductance is as effective in inhibiting
salt absorption as loss of basolateral Cl channels. In both circumstances, active K absorption via the Na–K–2Cl cotransporter is eliminated.
(b) Electroneutral model. A C-terminal truncated splice variant of NKCC2 (7) mediates ‘loop’ diuretic-sensitive, K-independent NaCl entry across
luminal membranes. An electroneutral mechanism (likely K–Cl cotransport; (8)) provides Cl exit across basolateral membranes. No net
transepithelial K occurs in this electroneutral model.
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electroneutral NaCl absorption process does not provide a
pathway for net K absorption (Figure 6b). In contrast, the
electrogenic salt absorption mode is responsible for the K
reabsorption via the action of the Na–K–2Cl cotransporter
that is observed in wild-type animals (Figure 6a). Potassium
recycling across apical membranes is crucial for this
electrogenic mode of salt absorption and the recycling
process is eliminated in ROMK-deficient mice.10,11 What
would be the effect of elimination of apical K recycling on net
K absorption via the Na–K–2Cl cotransporter? Chloride
absorption via the electrogenic mode of NaCl absorption
requires basolateral Cl channels. In the electrically leaky TAL,
apical and basolateral membranes are electrically coupled by
the high-conductance paracellular pathway (Figure 6a). Thus,
loss of apical K current in ROMK-deficient animals (or in
Type II Bartter) effectively shuts down basolateral Cl exit and
paracellular movement of cations. In other words, loss of
apical K conductance is as effective as loss of basolateral Cl
conductance in reducing net NaCl absorption. In this
circumstance, cell Cl rises and dramatically reduces turnover
of the Na–K–2Cl cotransporter, thereby eliminating net K
absorption. The reduced NKCC2 activity is thought to result
from both a lower driving force for Cl entry and a high
Cl-induced reduction in phosphorylation of NKCC2.45–47
According to the electrogenic mode shown in Figure 6,
factors modulating potassium reabsorption in the loop of
Henle can alter renal K excretion.15 One of the main findings
in Romk/ mice was the markedly elevated potassium
activity in the tubule fluid from the early distal tubule during
free-flow conditions. Although in a previous micropuncture
study in rats,48 we showed that inhibition of the apical K
channels in the TAL by luminal Ba2þ or the sulfonylurea,
glibenclamide, reduced K absorption in the loop of Henle,
this has not been a universal finding.49,50 Unfortunately, in
vivo studies using Ba2þ are difficult to interpret as very high
concentrations of Ba2þ would be required to effectively
eliminate apical K conductance and K recycling. This is due
to competition between any luminal K and Ba2þ for channel
block and to K secretion effectively removing the luminal-
side Ba2þ block. However, in Type II Bartter’s syndrome (as
well as all Bartter’s genotypes1) and in the ROMK-deficient
mouse,9 luminal K conductance is eliminated,10,11 and mouse
model provides an opportunity to assess the effect of
complete loss of apical K recycling on K transport by the
TAL. As discussed above, K absorption in the TAL would be
severely reduced or absent via the Na–K–2Cl cotransporter in
this setting. The marked increase in luminal K activity in
Romk/ mice in the early distal tubule is consistent with a
marked reduction in K absorption. Not surprisingly, loop
diuretics can produce a Bartter’s-like phenotype and these
diuretics consistently and markedly reduce K absorption in
the rat TAL.39,40,51 Given that up to 40% of the K excretion in
response to furosemide can be accounted for by reduced K
reabsorption in the loop of Henle39 and that ROMK-deficient
mice have greatly elevated luminal K concentrations in the
early distal tubule (Figure 1), it seems likely that a significant
fraction of the kaluresis in Bartter’s results from reduced K
reabsorption by the TAL. Loss of the recycling would not only
reduce the electrical driving force for any K absorption via
the paracellular pathway but could also result in paracellular
K backflux from interstitium to the TAL tubule lumen. The
latter would, however, likely be small and therefore not
contribute greatly to renal K losses. In addition, net K
secretion has been observed in vivo in microperfusion40,51
studies following exposure to loop diuretics and the
magnitude of K secretion is reduced when apical K channels
are inhibited by Ba2þ .50 Thus, enhanced K secretion in the
TAL via apical K channels may also contribute to the more
severe hypokalemia observed in patients with the NKCC2-
deficient compared to the ROMK Bartter’s genotype.19
The net movement of K across the LDT is mediated by
both absorptive and secretory processes. In rats, under
similar experimental conditions to those utilized in the
present study, we have shown that about 80% of net secretion
can be blocked by luminal Ba2þ , and therefore, due to
transport across K channels, with the remaining 20% due to
passive ‘leak’.32,25 The observation that IBTX reduced K
secretion in Romk/ animals to values not significantly
different from zero suggests either that passive back flux of K
from blood to lumen is quite small in these mice despite the
significant lumen-negative driving force (40.2 mV; Table 1)
or that an active K reabsorptive process is increased (e.g.,
H,K-ATPase). Potassium absorption can occur in the distal
nephron by the H,K-ATPase, an enzyme that is upregulated
during dietary K restriction.52 Sch28080-sensitive K absorp-
tion has been observed by in vivo microperfusion of
superficial distal tubules of rats on a K-deficient diet,53
indicating that this active K absorptive process was mediated
by H,K-ATPase. Although Romk/ mice are not hypoka-
lemic on a 1.2% K diet,11 they are likely K deficient owing to
the high renal excretion of K. Thus, it is possible that active K
absorption is upregulated in Romk/ mice and that this
active absorptive process contributes to the zero net K
transport we observed in IBTX-inhibited LDT segments
(Table 1).
The process of transepithelial K secretion in distal
nephron segments is mediated and regulated by the interplay
between passive movement of K across the apical membranes
of connecting tubule and principal cells and active uptake of
K from the blood via Na–K ATPase activity.15 Two
populations of apical K channels have been identified in
cells of connecting and cortical collecting tubules. Because of
its high open probability in split-open tubule preparations,
the 35 pS K channel (ROMK) has been assigned a major role
in K secretion under physiological conditions – its activity
being modulated by changes in K intake, acid–base status pH,
and calcium as well as by vasopressin.15 In addition, maxi-K
channels with a large single-channel conductance and
activated by apical membrane depolarization and high cell
Ca have also been observed both in connecting tubule
cells13,54 and in principal55,21,56 and intercalated21 cells of the
CCT. However, in connecting tubule and principal cells, the
56 Kidney International (2006) 70, 51–59
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functional density of maxi-K channels is low compared to the
35 pS (ROMK) channel.13,21 Whereas basal K secretion is
mediated by the ROMK-type channel,14 the IBTX-sensitive
maxi-K channel participates in distal K secretion during high
tubule fluid flow conditions22–24 and during elevations in
lumen arginine vasopressin via apical V1 receptors.
25,26 The
BK-b1 subunit, which enhances sensitivity of the max-K
channel to intracellular Ca, has been immunolocalized to the
CNT and in BK-b1-deficient mice the kaliuretic response to
volume expansion is absent.57 The presence of IBTX-sensitive
K secretion into the LDT from Romk/ mice is consistent
with maxi-K channels contributing to the kaliuresis in Type
II Bartter’s syndrome. Activation of the maxi-K channels in
Romk/ mice may be owing to the increased NaCl and fluid
delivery out of the loop of Henle and/or by elevation of
arginine vasopressin.25,9 Thus, both reduced K reabsorption
and sustained distal K secretion contribute to, and likely
account for, the kaliuresis when ROMK function is lost in
Type II Bartter’s syndrome (points 1 and 2 in Figure 5).
A high-K (10%) diet increases the density of 35 pS
(ROMK) channels in the CCT by three- to fourfold,15,58 and
this increase in ROMK activity has been suggested to
contribute importantly to the enhanced K secretion and
excretion in this setting.14,16 In contrast, the increment in K
secretion by the LDT observed in the present study in both
C57-Bl6 and Romkþ /þ mice on a high K intake was largely
eliminated by IBTX, and thus is consistent with an increase in
maxi-K channel activity. Frindt and Palmer13 also did not
observe an increment in 35 pS (ROMK) channel density in
the CNT cell from high-K-adapted rats, supporting a primary
role for maxi-K, rather than ROMK, channels in the LDT in
response to a high-K diet. It should be noted that IBTX-
insensitive secretion did increase slightly (about 30%) in
Romkþ /þ mice (Tables 1 and 2; Figure 4). However, an
increase in IBTX-insensitive K secretion was not observed in
C56/Bl-6 mouse that represents part of the mixed genetic
background of the Romkþ /þ mouse. The reason for this
species difference is unclear but does suggest that expression
of certain genes may modulate the contribution of ROMK
channels to K secretion by the LDT with high K feeding.
Najjar et al.37 found that the mRNA encoding the BK-a
subunit of maxi-K channels was upregulated in CCT
segments from high-K-adapted rabbits. In the latter study,
linear apical staining for the BK-a subunit was only observed
in a-intercalated cells. As the a-intercalated cells do not
contain Na channels,21 the mechanism or role of this cell type
in mediating net K secretion by the CCT is unknown. In fact,
Gray et al.14 argue that an increase in the 35 pS (ROMK) K
channel density can fully account for the K secretion by the
CCT from high-K-adapted rats. Although the role of maxi-K
channels in the enhanced K secretion in the CCT from high
adapted animals is unclear, our results in both wild-type and
Romk/ mice demonstrate that these channels can con-
tribute to K secretion (and renal K excretion) in the LDT in
the absence of ROMK and in the setting of a high dietary K
intake (point 3 in Figure 5).
MATERIALS AND METHODS
Mice
The generation of Romk/ mice has been described previously.9,11
The colony used was obtained by breeding homozygous null males
with heterozygous females and intercrossing the heterozygous
offspring for 45 generations.11 DNA was extracted from tail
biopsies taken at P7 and PCR used for genotyping as described
before.11 Romkþ /þ and Romk/ littermates were used. Mice were
given tap water ad libitum until the day of the experiment and
maintained on standard rodent chow (1.2% K).
Free-flow micropuncture and stationary microperfusion
Romkþ /þ or Romk/ mice (3–6 months old) and C57/Bl-6 (1.5
months old) mice were prepared as described previously.59 Briefly,
animals were anesthetized with Inactin and the left kidney was
immobilized in a plastic cup. Following surgery, a modified saline
solution (140 mM NaCl, 5 mM KHCO3, and 2% mannitol) was
infused at a rate of 0.5 ml/h. Early distal K delivery was assessed by
free-flow micropuncture.27 Briefly, a proximal tubule was impaled
with a perfusion micropipette containing an FD&C green-colored
solution (in mM: 100 NaCl, 0.5 KCl, 5 HEPES, 1 CaCl2, 1 MgSO4,
pH 7.0), and raffinose pentahydrate (Riedel-de Hain, Hannover,
Germany) was added to adjust to isotonicity in order to minimize
fluid absorption. A small bolus of fluid was then injected to identify
downstream loops of the proximal and early distal tubule. A
K-selective, double-barrel microelectrode was lowered onto the kidney
surface for zero-voltage adjustment before puncturing the tubule
lumen of the early distal tubule for obtaining free-flow recordings
of the transepithelial voltage difference (VTE) and tubule fluid
K activity.
Stationary microperfusion was used to assess distal K secre-
tion.32,25 Proximal perfusion with the FD&C green solution was
used to localize distal tubule segments with surface loops. Following
the insertion of the K-selective microelectrode into the middle-to-
late distal segment, Sudan-black colored castor oil was injected into
the proximal tubule until it reached the distal segment. This oil
block prevented contamination of distal tubule fluid with
glomerular ultrafiltrate. The oil column in the distal tubule was
split by injection of the 0.5 mM K-containing control solution and
perfusion continued until the double-barreled microelectrode
recorded a stable voltage equal to that of the perfusion fluid K
activity. After blocking fluid flow with oil, recording of the increase
in K activity was continued to assess the rate of K secretion.
Following control measurements, a pipette was inserted into the
early distal tubule that contained BTX (100 nM) and recording of K
activity repeated. Each nephron was perfused two to three times
with both an experimental and control solution, allowing paired
measurement of K secretion.
K activity increased from the initial value of 0.5 mM, [K]o, to a
steady-state value, [K]s, as a result of K secretion into the tubule. A
single exponential was fitted to the lumen K activity against time
data using Prism 4.02 software (GraphPad, USA). From the
exponential, a half-time (t1/2, s) was obtained and the secretory K
flux, JK (nmol cm
2 s1), was calculated using the following
relationship:
JK ¼ ln 2t1=2ð½KS  ½KOÞ
r
2
ð1Þ
where r is the tubule radius (cm). JK values were obtained from
individual perfusions with each tubule being perfused several times
with control and IBTX-containing solutions. In the figures, n
corresponds to the number of perfused tubules.
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Ion-selective microelectrodes
K-selective double-barreled microelectrodes were prepared as
described previously.32 The ion-selective electrode was silanized
with hexamethyldisilazane (Fluka, Buchs, Switzerland) and its tip
filled with K ionophore (cocktail A; Fluka, Buchs, Switzerland). The
electrode was calibrated before and after tubule impalement by
exposure to several superfusion fluids placed on the kidney surface.
The electrode was calibrated before and after tubule impalement by
exposure to standard solutions (3, 10, and 30 mM K) kept at 371C.32
The mouse was electrically grounded through the peritoneal cavity.
The reference barrel was used to measure VTE. The voltages from
each barrel were recorded using a high-impedance electrometer
(Model 223, World Precision Instruments, USA), sampled at 5 Hz
(model 104, iWorks, USA) and voltages recorded using LabScribe
software (iWorks, USA). K activity was determined as the voltage
difference between the reference and ion-selective electrode.
Xenopus oocyte two-electrode voltage clamp
The methods for the preparation and injection of oocytes and the
application of the two-electrode voltage clamp method for
measuring whole-cell K current have been described previously.60
Immediately after isolation, oocytes were injected with 10 ng
ROMK2 cRNA. After 2–3 days, current–voltage relationships were
obtained between 20 and þ 40 mV in the absence or presence of
IBTX (100, 500, and 1000 nM). All voltage clamp whole-cell current
data are expressed as mean7s.e.m.
Statistical analyses
For comparison between groups, a Student’s t-test was used;
for multiple comparisons, a two-way analysis of variance test was
used with the Bonferroni post hoc test for point-to-point
comparisons. Differences were considered statistically significant at
Po0.05.
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